An experimental investigation of turbulent flow in a shear-thinning fluid is presented. The experimental flow is a boundary-free, uniformly sheared flow at a relatively high Reynolds number (i.e., Re λ max = 275), which decays in time. As just one example of decaying turbulence, the experiment can be thought of as a simple model of bulk turbulence in large arteries. The dimensionless parameters used are Reynolds, Strouhal, and Womersley numbers, which have been adapted according to the characteristics of the present experiment. The working fluid is a solution of aqueous 35 ppm xanthan gum, a well-known shear-thinning fluid. The velocity fields are acquired via time-resolved particle image velocimetry in the streamwise/cross-stream and streamwise/spanwise planes. The results show that the presence of xanthan gum not only modifies the turbulent kinetic energy and the dissipation rate but also significantly alters the characteristics of the large-scale eddies. Published by AIP Publishing.
I. INTRODUCTION
Turbulent flow in shear-thinning fluids is of fundamental importance in numerous industrial applications and biological systems. These applications include flows in paper-making, 1 food and paint industries, slurries and dilute polymer solutions in many industrial processes, [2] [3] [4] [5] and finally blood flow in large arteries. 6, 7 Despite these numerous applications, our knowledge about the characteristics, scales, and structures of non-Newtonian turbulent flows is still far from complete. The vast majority of research in turbulent flow for non-Newtonian fluids has concentrated on the understanding of wall-bounded flow of drag-reducing polymers. [8] [9] [10] [11] In addition, relatively few studies have been carried out in bulk flow, homogenous isotropic, and grid turbulence in order to isolate the effects of polymer on the flow from those of the wall. [12] [13] [14] [15] These theoretical, experimental, and numerical attempts have improved our understanding of polymer-turbulence interactions. However, even for the case of turbulent flow of drag-reducing polymers, which has been studied intensively over the last decades, a persuasive physical understanding and a predictive model are both still lacking. This patchy knowledge is not surprising since even turbulent flow with Newtonian fluids is in itself a very challenging subject. Moreover, the direct numerical simulation (DNS) has often been performed at low Reynolds numbers and has relied on limited polymer models. 16, 17 On the other hand, experimental studies have been mainly carried out in wall-bounded flows, where it is difficult to isolate the wall and polymer roles from one another. 11 Furthermore, according to several experimental studies, the interaction between polymer additives and turbulence is highly sensitive to the concentration and characteristics of polymers. 16, 18, 19 Hence, the results reported in these studies are often controversial, 12, 20 a) Electronic mail: s.rahgozar@merc.ac.ir which means that more complete experiments are needed in order to develop and test the physical models. As one example, Cai, Li, and Zhang 15 carried out a numerical simulation of decaying, homogeneous, isotropic turbulence with polymer additives. They reported a larger decay rate of the turbulent kinetic energy in the polymer solution case because of the interaction between turbulence and polymer microstructures. However, by using laser anemometry and flow-visualization techniques, McComb, Allan, and Greated 12 showed that the polymer additive reduced both the turbulent intensity and the rate of decay in their experiment with grid-generated turbulence. White and Mungal 16 provided a review of polymer drag reduction in turbulent wall-bounded shear flows. They emphasize the complexities of these flows and the need for more detailed experiments and simulations.
The theory of decaying homogeneous isotropic turbulence and homogeneous shear flow dates back to the 1930s. 21, 22 Decaying turbulent flows have also been investigated rigorously both numerically and experimentally over the past decades. The classic example is grid turbulence, which has been studied extensively as the most fundamental case. 23, 24 The main motivation to study such a simple flow has been to characterize the dissipative nature of these flows. However, there is no turbulence-production mechanism in the absence of a mean velocity gradient. On the other hand, the nearly homogeneous turbulent shear flow has been achieved both numerically 25 and experimentally in water and wind tunnels. [26] [27] [28] Although this flow is theoretically simpler than traditional wall-bounded flows such as channel and boundary-layer flows, it is more difficult to realize experimentally. 27 In contrast to grid turbulence, a turbulence-production mechanism is present in this kind of flow. Numerous attempts have been made over the past decades to generate uniform mean shear in wind and water tunnels by passing a flow through various conditioning units at the test-section entrance. [26] [27] [28] Alternatively, some research groups have developed active grids, 29 and few studies have also been carried out in water tanks to generate isotropic turbulence. 30 The present study focuses on the modification of decaying turbulence in a shear-thinning fluid with specific viscous behaviour rather than analyzing the effect of polymer additives on turbulent drag reduction. The experimental flow is a boundary-free, uniformly sheared flow at relatively high Reynolds numbers. The study is thus a combination of two classic flows, i.e., the decaying turbulence and a uniformly sheared flow. The idea is to keep the geometry as simple as possible allowing the turbulent characteristics of the flow to be representative of turbulent motion in a broad range of applications using the relevant dimensionless parameters. The simple geometry also allows one to employ the particle image velocimetry (PIV) technique in order to accurately measure velocity fields and consequently to investigate the details of turbulence scales, parameters, and structures. As a reference for the working fluid and the dimensionless parameters, flow in large arteries will be referred to throughout the paper. Although the selection of the working fluid and the Reynolds number (tow speed) is made based on the order of magnitude of blood flow in large arteries as a case study, the experimental approach and therefore results can be easily adapted to other applications. The chosen working fluid is a solution of aqueous xanthan gum (XG), which among other cases replicates the viscous behaviour of blood as a well-known shear-thinning fluid. 31, 32 Due to the limitation in the spatial resolution, the focus is on the large-scale structures. Like any study of simple canonical flows, it is assumed that there exist important universal mechanisms in these turbulent flows. 33, 34 As an example, Sekimoto, Dong, and Jiménez 34 reported important common characteristics between the statistically stationary homogeneous shear turbulence and wall-bounded turbulence. A proper analysis of a simplified flow can thus significantly improve our understanding of more complex flows. Moreover, as already demonstrated by several studies, 12, 15, 19 the turbulence modification caused by polymer additives is not necessarily dependent on the presence of a wall. Hence, a deeper understanding of wall-free mechanisms can be also of fundamental interest. It is certain that this simplified experiment does not represent the whole complexity of turbulent flow in a shear-thinning fluid, particularly in confined cases, but it can provide more insight into the way that turbulence and polymer additives interact, especially farther from the wall region. To the authors' knowledge, there have been no previous investigations of turbulent flow of a shear-thinning fluid in a boundary-free uniformly sheared flow, and as such, this first study could provide the basis for further experiments on the subject.
It should be emphasized that the blood flow in large arteries is selected here as a case study mostly because it is a very typical example of decaying turbulence and blood is an archetype of shear-thinning fluids. This does not mean that we can easily ignore all complexities of such a complex flow such as wall effects. However, assuming the smallest scale of turbulence to be of order of red blood cells, the relative length scales of small to large-scale structures can be of order of 0.001-0.01 in large arteries. This broad range of scales suggests that the flow in the center of large arteries may behave as bulk flow, where the surrounding wall does not necessarily play a dominant dynamic role. Nevertheless, this assumption needs to be further evaluated based on rigorous high-resolution in vivo information, which to date is not available. Throughout the paper, U, V, and W are instantaneous streamwise, cross-stream, and spanwise velocities, respectively. denotes the mean value over independent realizations, and u, , and are the fluctuating streamwise, cross-stream, and spanwise velocities, respectively. For viscosity, however, ν represents viscosity fluctuations, while ν stands for the mean viscosity. The streamwise, cross-stream, and spanwise coordinates are, respectively, x, y, and z (see Fig. 1 ).
II. DIMENSIONLESS PARAMETERS
In order to experimentally model the decaying turbulence in the case of flow in large arteries or other time varying flows, it is vital to introduce the relevant dimensionless parameters beforehand. These parameters allow us to design the experiment with respect to the principal characteristics of, for instance, an in vivo flow. As with canonical, rigid straightpipe flow studies, it is common practice to use Reynolds and Womersley numbers based on global quantities (e.g., centerline velocity and diameter) for turbulent flow in large arteries. Hence, in such studies, the effects of wall deformability and curvature, arterial branching, valves, and heart pulsation on turbulence are neglected. However, in the present paper, the dimensionless parameters are proposed in terms of the magnitude of velocity fluctuations, which is a direct measure of turbulence, allowing us to take a more general approach.
A. Turbulent Reynolds number
Suppose that L is an integral length scale characterizing the energy-containing turbulent eddies in vessels and U is a characteristic velocity with U 2 = u i u i /3 = 2k/3 (Einstein summation applies), then the turbulent Reynolds number can be defined as the ratio of the viscous decay time to the characteristic eddy decay time:
Here, ν is the kinematic viscosity and k is the turbulent kinetic energy (TKE). The average L at high Re is generally of the order of the imposed scale by boundaries (e.g., pipe or cylinder diameter) or object producing the turbulence (e.g., grid size). In the absence of boundaries, L can be obtained from two-point correlation functions as will be shown in Sec. IV C. 35 Alternatively, from a different point of view, L can be roughly estimated using the well-known scaling law: 21 ≈ C U 3 L, where L is the integral length scale obtained from this equation, is the dissipation rate, and C is an undetermined constant close to unity. 29 The equation Re T can be rewritten by using L ≈ L = U 3 and U 2 = 2k/3 as Re T ≈ U 4 ν = 4k 2 9ν , which is similar to the definition in the literature. 35 Note that k/ ≈ L U is the characteristic large-eddy decay time and Re T characterizes the ratio of large-to small-scale 
B. Turbulent Strouhal number
Another important time scale of the flow is based on the degree of unsteadiness (e.g., the cardiac cycle duration). In the present study, this time (cycle duration) is defined as the time in which the flow loses a significant amount of its turbulent kinetic energy (≈80%). Based on in vivo data, the flow may lose up to nearly 100% of its TKE in a single heart cycle. A new dimensionless parameter can be thus defined as St T = (L U) (1/f ) = f L U, which is the time scale of large-eddy decay to the unsteadiness time. Here, f = U c Td is the frequency of oscillation (e.g., pulse), and T is the dimensionless unsteadiness or the cycle duration, normalized by the towing speed (U c ) and the shear-generator rod diameters d (see Fig. 1 and Sec. III A). This parameter compares the lifetime of a characteristic large eddy with the time between pulses and indicates if large-scale eddies have sufficient time to be generated and destroyed in a single cycle. A similar approach was taken by Kiser et al. 37 to define this parameter. By multiplying Re T and St T , a new parameter can be defined as
which is the ratio of the viscous decay time to the unsteadiness. W T can be thought of as a turbulent Womersley number.
III. EXPERIMENT

A. Facility
The experiment is performed in a large optical towing tank at Queen's University with an approximate dimension of 8 × 1 × 1 m 3 . The test section is located in the middle of the tank to ensure negligible end wall effects. A high-speed traverse system tows a shear generator in the center of the towing tank at speeds up to 1 m/s over a maximum distance of 4 m [see Fig. 1(a) ]. An approximately uniform mean shear is generated in the tank by towing the shear generator consisting of a plane parallel-rod grid of uniform rod diameter (d) with non-uniform spacing (s). Figure 1(b) shows the schematic of the shear generator passing through the field of view. In the present experiments, the towing speed (U c ) was 0.2 m/s and the diameter of the rods was d = 42 mm. Figure 1(c) shows the solidity distribution of the grid, which is based on the analysis of Owen and Zienkiewicz. 38 The blockage necessary for generating shear is kept minimal (i.e., about 30% of the area of the cross section) in order to minimize potential large-scale secondary flows. Since the measurement plane is located at the midspan of the tank far from the side walls, the mean flow is expected to behave essentially in a bulk two-dimensional sense [see also Figs. 5(b) and 5(c)]. However, an additional measurement is performed in the streamwise/spanwise (x z) plane in order to obtain all velocity components for our calculations and as a means to check this assumption of flow uniformity.
B. PIV measurements
Time-resolved 2D PIV measurements are performed in the streamwise/cross-stream (x y) and streamwise/spanwise (x z) planes. The PIV images were acquired using a Fastcam SA-4 camera (Photron, San Diego, CA, USA) at 125 Hz TABLE I. Relevant similarity and scale parameters for the present experiment and in vivo data of Les et al. 43 at the peak TKE. Here, t 1 denotes the duration of a cycle (cardiac cycle for the in vivo case), while L = U 3 and U = (2k/3) 1/2 is the characteristic velocity. L represents the integral length scale, which is assumed to be the mean diameter of abdominal aortic aneurysm for the in vivo data and is obtained from two-point correlations in the experimental data (L 11 ).
Parameters
Re . Since a 50% overlap of the interrogation windows is used to compute the velocity vectors, the vector spacing is half that of the spatial resolution. Although the sampling frequency (125 Hz) would in theory be appropriate to measure down to the Kolmogorov scale (see Table I ), the spatial resolution is only sufficient to resolve large-scale structures on the order of the integral length scale (see Sec. IV C). The peak validation and local neighbourhood validation are used to detect and substitute false vectors at each iteration of image interrogation. A vector is considered valid if the difference between the two highest correlation peaks is at least 20%. The erroneous vectors were substituted but only if at least five valid vectors surrounded them. The maximum particle displacement in pixels is about a quarter of the final interrogation window size, which ensures a minimal random error. With the typical noise level of 0.1 pixel, the maximum random errors of velocity fields are less than ±1.5%. Based on the analysis reported in the studies of Saarenrinne, Piirto, and Eloranta, 39 and Sciacchitano and Wieneke, 40 the random uncertainty of other turbulent quantities, i.e., Reynolds stresses, turbulent kinetic energy, dissipation rate, two-point correlations, and also the integral scales, is estimated to be less than ±5%. In order to verify the statistical convergence and also this level of uncertainty, turbulent statistics are compared between a random sub-group of 20 realizations of the experiment and the whole database (50 realizations). The results are shown in Fig. 2 . The observed deviation is within 3% for the turbulent kinetic energy, the dissipation rate, and the integral length scale. For Reynolds shear stress, the average deviation is around 15%. However, by using 40 realizations, the results (red circles) tend to converge around those of the full database (black square) with an average deviation of about 5%. The details of calculations are given in Sec. IV C. As will be shown in Sec. IV, this level of uncertainty is insignificant with respect to the results. 
C. Working fluids
The shear-thinning working fluid consisted of 275 g xanthan gum (XG) dissolved in 7.75 m 3 of 0.4% by weight aqueous glycerol (i.e., about 35 ppm XG). This small amount of glycerol has little effect on the solution density (<0.1%) and the kinematic viscosity (<0.9%) compared to pure water. Nevertheless, the tiny amount of XG significantly alters the viscoelastic characters of the solution. Li, Walker, and Rival 41 used the same concentration of XG but dissolved in 4% by weight aqueous glycerol to replicate blood viscosity. The glycerol only facilitates the dissolving of XG and has no important effect on the shear-thinning property of the solution itself. In order to determine viscosity at different shear rates, an AR2000 rheometer with temperature control (TA Instruments Inc.) was used. The measurement was performed under standard conditions, and the uncertainty is expected to be less than ±3%. The results were compared with those of Li, Walker, and Rival, 41 and as shown in Fig. 3 , a very good agreement was observed. A power expression of the measured data in the form of kγ n1 , with k = 3.4 and n = 0.81, is also included in this figure (dashed line). This equation is in general agreement with other reported models in the literature. 42 It is worth mentioning that Li, Walker, and Rival 41 had already compared the viscosity behaviour of their blood analog fluid with that of real blood at different hematocrits, demonstrating good agreement. Note that for comparison, all measurements have been carried out twice, i.e., with the above non-Newtonian fluid as well as with pure water as a Newtonian fluid.
IV. RESULTS AND DISCUSSION
A. Dimensionless parameters
Table I summarizes the main parameters described in Sec. II for the Newtonian fluid at peak TKE. Kolmogorov time τ η and length η scales are also presented for comparison.
For all parameters in the experiment, the integral length scale and the Taylor microscale are obtained from two-point correlations. The details of estimation are given in Sec. IV C. The in vivo data are based on the work of Les et al. 43 in which turbulent kinetic energy is estimated for abdominal aortic aneurysm (AAA). To estimate Re T , the integral length scale is assumed to be equal to the mean diameter of the AAA, i.e., 3 cm. The frequency of oscillation is assumed to be 1/s for estimating the turbulent Strouhal number. The value of St T ranges from 0.2 to 5.3 for the highest and lowest Re T (i.e., 1280 and 50), respectively. With the same assumptions, the turbulent Womersley number is constant for all cases, i.e., W T ≈ 15. As shown in this table, excellent agreement between the experimental flow and the in vivo induced data is achieved. The fact that St T < 1 at a high Reynolds number indicates that the flow cycle duration is long with respect to the large-scale eddy lifetime.
B. Mean flow characteristics
Since the shear-thinning working fluid demonstrated no important effect on the mean flow characteristics, in the present section, only results for the Newtonian case are presented. However, the effects of the shear-thinning fluid on the turbulent statistics and scales are provided in Sec. IV C.
In order to create the experimental flow, the shear generator introduced in Sec. III passes through a fixed field of view and the image recording starts right after its passage is complete. The considered time portion of the flow that can represent the general turbulent flow in large arteries away from walls is selected based on two criteria: first, turbulent kinetic energy has to lose a substantial amount of its energy (e.g., 80%) as reported in the literature. 43 Second, the dimensionless parameters introduced in Sec. II have to be comparable to those estimated for the in vivo data. Moreover, in order to simply estimate the turbulent statistics from the homogeneous turbulence approximation, the mean velocity gradient has to reach a nearly uniform state, while the turbulent Reynolds number is comparable to that of the in vivo data. As will be shown in Sec. IV C by setting the in vitro cardiac cycle duration to T = t 1 U c d = 28.6 (t 1 is the cycle duration in physical unit s), the values of St T , W T , and Re T become comparable to those obtained from in vivo data.
Rose 26 studied the homogeneity of a turbulent shear flow generated with a shear generator, which was itself designed based on the analysis of Owen and Zienkiewicz. 38 As reported by Rose, 26 the flow approaches a state of uniform Reynolds normal stresses and nearly uniform mean shear at about τ = xS U c = 0.4, where τ is a dimensionless time, and x, S, and U c denote the distance from the shear generator, the mean shear (∂ U ∂y), and the convection velocity, respectively. Note that for different flows and geometries very different values for τ have been reported in the literature. As will be shown in the following, our results are consistent with those of Rose. 26 Figure 4 shows the mean streamwise velocity profiles in the x y planes estimated by ensemble averaging of 50 independent velocity vector fields. In each time, the profiles are shown in three streamwise locations, i.e., in the middle (black solid lines) and both sides of the field of view. All velocities are normalized by the speed of the shear generator (U c ), which Fig. 4(a) shows an important variation in U with sinusoidal-shaped profiles, which is related to the presence of the rods of the shear generator. In Fig 4(b) , t * = 0 (τ ≈ 0.4) corresponds to the time in which the mean streamwise velocity profiles become approximately linear, which is 2 s after t * = 0.3. Hence, t * = 0 is the beginning of the cycle in which the flow has its highest velocity fluctuations due to the passage of the shear generator. Based on the in vivo data for abdominal aortic aneurysm, 43 t * = 0 can thus be considered as the mid-deceleration time, where the TKE is maximum. Figure 4 (d) (t * = 1 with τ ≈ 1.3) corresponds to the end of the period where the minimum fluctuations exist and it corresponds to a time right before the next mid-deceleration, i.e., near peak systole [see Fig. 1(d) ]. Figure 4 (c) shows a time between peak systole and middeceleration in the diastolic phase [i.e., t * = 0.5 with τ ≈ 0.8, see Fig. 1(d) ]. The mean shear (S) is about 0.15 1/s for all cases. It is worth mentioning that the local shear can be tens to hundreds of times higher. Figure 5 shows that the mean crossstream and spanwise velocities are virtually zero at t * = 0.5 as expected for this flow. It also shows that the mean streamwise velocity is reasonably homogeneous in the spanwise direction. Furthermore, the root-mean-square velocities shown in Fig. 6 demonstrate a very good homogeneity in the spanwise and cross-stream directions. Note that a comparable homogeneity is also observed at other times and also for the non-Newtonian flow (not shown). Figure 7 (a) shows the decay of the turbulent kinetic energy over a single cycle. TKE loses more than 80% of its energy with a decay exponent n of 1.3 (k(t) ∼ t −n 1 ) for the Newtonian case (black square symbols). This is consistent with the classical decay law reported in the literature. 24 For the non-Newtonian case (red nabla symbols), the decay rate is larger with comparable TKE at t * = 0, the time in which the local shear rate is maximum. The difference in the turbulent kinetic energy decay can be attributed to the effective viscosity, which is much higher at a lower shear rate (see Fig. 3 ). 9 Similar results have been reported in other studies with varying conditions. 12, 15, 20 For a homogeneous turbulent shear flow, the turbulent kinetic energy evolves by dk dt = P , where P is the rate of production of turbulent kinetic energy: P = S u with S = ∂ U ∂y, which is the mean shear rate. 35 It is important to note that for non-Newtonian flow, the turbulent kinetic energy equation has two more dissipation terms because of viscosity fluctuations (ν ). Hence, in the case of the non-Newtonian flow, denotes the summation of all dissipation terms, i.e., mean viscous dissipation (2ν s ij s ij , with s ij = 44, 45 Figure 7(b) demonstrates that also decays with time but with a different rate. The reduction in the dissipation rate of the non-Newtonian case up to t * = 0.2 and its increase afterward may be attributable to the fact that polymers absorb and store a portion of turbulent energy at high shear rates and then release this energy at low shear rates, leading to a higher overall dissipation rate. This assumption appears consistent with the energy balance theory of Tabor and De Gennes, 46 in which the Kolmogorov cascade is valid only down to a certain limit where the polymer stresses balance the Reynolds stresses. 46, 47 Hence, it can be inferred that at the end of a cycle, when Reynolds stresses weaken, polymers have more room to modify turbulent structures. Moreover, the fact that the rate of dissipation decays more slowly for non-Newtonian than for Newtonian fluids is also consistent with the analysis of Pinho. 44 Figures 7(c) and 7(d) present Reynolds shear stresses. As expected for the present flow, u deviates around zero with an average deviation of less than 1% and a maximum deviation of about 2.5% at t * = 0.2, all with respect to the corresponding TKE. Except for t * = 0, a significant reduction in u is demonstrated for the non-Newtonian case. This is consistent with several previous studies; see the study of Pinho 44 for a review on this matter. This finding has been attributed to the appearance of an extra elastic shear stress because of polymer additives. 44 To explain the change in trend between t * = 0 0.2, the values at t * = 0.1 have been also added to Fig. 7(c) . It is clearly confirmed that the jump between t * = 0 and 0.2, in the non-Newtonian case, is an actual physical trend, which can be attributed to the fact that at a high shear rate the shear-thinning fluid behaves virtually like the Newtonian one. Furthermore, although u 2 k, 2 k, and 2 k are approximately self-similar during a cycle, 27 u k shows an increasing trend. It is also found that the assumption of P = is not at all acceptable in this flow since the rate of change of turbulent kinetic energy (dk dt)
C. Turbulent statistics
is very high compared to the rate of production of turbulent kinetic energy, although the absolute value of P is comparable to similar but non-decaying flows at comparable Reynolds numbers; see, for example, the work of Vanderwel and Tavoularis. 28 As mentioned earlier, the focus of the present work is on the large-scale structures due to the limitation of spatial resolution. This part of the analysis is based on the two-point correlations and the characteristic eddy decay time, which is a measure of the lifetime of the dominant turbulent eddies. Fig. 8(c) ], i.e., L 11 (t) = ∫ ∞ 0 R uu (r, t)dr, r = ∆x. 35 Note that for calculating the area under this curve a double-term exponential function is fitted to the tail of the curve. Furthermore, the Taylor microscale is estimated from the second derivative of R at the origin, ∆x = 0, 35 using a second-order backward differentiation. Figure 8(d) compares the integral length scales estimated from two-point correlations and that obtained from the energy cascade hypothesis. The fact that these two length scales have virtually similar trends suggests that a fully developed cascade exists in which FIG. 7 . Variation of (a) TKE, (b) dissipation rate, (c) u , and (d) u in a single cycle. Square black symbols: Newtonian and nabla red symbols: non-Newtonian. The difference between the Newtonian and non-Newtonian cases at, for instance, t * ≈ 0.8 for both the TKE and dissipation rate is about 25%. Note that the discrepancy observed here is significant with respect to the level of uncertainty, as introduced in Sec. III B. Error bars are also shown for u and u to illustrate the significance of the discrepancies. the dissipation can be inferred from large-scale quantities. 29 This can also be deduced from the rough similarity of decay times L U and k presented in Table I . Figure 9 (a) contains the same information as Fig. 8 (d) but for the non-Newtonian case. The evolution of the integral length scale for the Newtonian fluid is also shown for comparison. Similar to the Newtonian case, the integral length scales estimated from two-point correlations and the energy cascade hypothesis follow virtually the same trend. However, this figure clearly shows that the addition of XG significantly modifies the integral length scale. This occurs despite a consensus that the direct action of polymer is on the small scales of turbulent flows. 48 The characteristic eddy decay time is shown in Fig. 9(b) for both the Newtonian and non-Newtonian cases. Again, a large difference is observed here, particularly at the end of the cycle. For both the integral length scale and the characteristic eddy decay time, the difference between the Newtonian and non-Newtonian cases is not significant at the beginning of the cycle, i.e., the time in which the local shear rate is maximum and consequently the viscosity is close to the Newtonian fluid. As the local shear rate decreases, the difference between the Newtonian and non-Newtonian cases gradually increases for both the integral length scale and the characteristic eddy decay time. Although the mechanism behind such an effect cannot be explored in the present study, considering Fig. 7 and previous theories, 9,46 the following can be conjectured. As mentioned earlier, higher viscosity and released elastic energy result in a decrease in the TKE and an increase in the dissipation rate. Consequently, the combination of these two mechanisms leads to relatively high dissipation of TKE (i.e., lower k ). This means that the dominant eddies have a shorter lifetime and a shorter length scale, but further experiments are needed to confirm this hypothesis. Furthermore, Fig. 9(b) shows that at least for the first generated eddies, the analog cardiac cycle duration is long with respect to the large-scale eddy lifetime. In other words, large-scale eddies can be generated and destroyed within a single cycle, and thus large-scale turbulent structures may have an important role in the dynamics of the present flow. This behaviour is even more pronounced for the nonNewtonian case in which the dominant eddies have a shorter lifetime.
V. CONCLUSIONS
A boundary-free, uniformly sheared, decaying turbulent flow has been produced by towing a shear generator in a large-scale optical towing tank in order to study the modification of turbulence in a shear-thinning fluid. The experiment is designed to model the bulk turbulent flow in, for instance, large arteries as well as with other industrial environments. The working fluid is a non-Newtonian analog of 275 g xanthan gum dissolved in 7.75 m 3 of 0.4% by weight aqueous glycerol, which replicates the viscous behaviour of blood as a well-known shear-thinning fluid. Although the turbulent flow in large arteries is used here as a reference, the experiment can be adapted for a broad range of applications using the relevant dimensionless parameters. Time-resolved particle image velocimetry has been used to quantify this experimental flow in both the streamwise cross-stream and streamwise spanwise planes, allowing us to have three components of velocity fluctuations.
It is shown that this small amount of xanthan gum modifies both the turbulent kinetic energy and dissipation rate, albeit at a different rate. More interestingly, both characteristic time and length scales of large-scale structures are also significantly altered for the non-Newtonian case. A number of explanations for these observations are also proposed. The concentration of xanthan gum in the present study is lower than that in the majority of studies, 2,49 which may allow us to generalize these results, at least qualitatively, to a wider range of applications. Furthermore, due to the shorter lifetime of large-scale turbulent eddies, it is expected that these eddies play a more important role in the non-Newtonian case compared to the Newtonian one in this specific unsteady flow.
This current study could be further extended by performing higher spatial resolution measurements and investigating the interactions of large-and small-scale vortical and momentum structures. Moreover, by characterizing polymer scales and comparing them with those of turbulent flow, eventually deeper understanding can be achieved.
